Fatigue caused by sustaining submaximal-intensity muscle contraction(s) involves increased activation in the brain such as primary motor cortex (M1), primary sensory cortex (S1), Premotor and supplementary motor area (PM&SMA) and prefrontal cortex (PFC). The synchronized increases in activation level in these cortical areas suggest fatigue-related strengthening of functional coupling within the motor control network. In the present study, this hypothesis was tested using the cross-correlation based functional connectivity (FC) analysis method. Ten subjects performed a 20-minute intermittent (3.5s ON/6.5s OFF, 120 trials total) handgrip task using the right hand at 50% maximal voluntary contraction (MVC) force level while their brain was scanned by a 3T Siemens Trio scanner using echo planar imaging (EPI) sequence. A representative signal time course of the left M1 was extracted by averaging the time course data of a 2-mm cluster of neighboring voxels of local maximal activation foci, which was identified by a general linear model. Two FC activation maps were created for each subject by cross-correlating the time course data of the minimal (the first 10 trials) and significant (the last 10 trials) fatigue stages across all the voxels in the brain to the corresponding representative time course. Histogram and quantile regression analysis were used to compare the FC between the minimal and significant fatigue stages and the results showed a significant increase in FC among multiple cortical regions, including right M1 and bilateral PM&SMA, S1 and PFC. This strengthened FC indicates that when muscle fatigue worsens, many brain regions increase their coupling with the left M1, the primary motor output control center for the right handgrip, to compensate for diminished force generating capability of the muscle in a coordinated fashion by enhancing the descending command for greater muscle recruitment to maintain the same force.
Introduction
Recent functional magnetic resonance imaging (fMRI) studies of human brain during voluntary muscle fatigue at submaximal intensity levels have shown increased brain activity in areas such as primary sensory cortex (S1); primary motor cortex (M1); premotor cortex and supplementary motor area (PM&SMA); and prefrontal cortex (PFC) (Benwell et al., 2007; Liu et al., 2003; van Duinen et al., 2007) . These findings may reflect an increased voluntary drive from the cortical centers to spinal alpha motor neurons controlling the working muscles to maintain the target force as fatigue develops. Due to the substantial stress and voluntary effort involved in the fatigue process, especially when the fatigue becomes significant, the cortical modulation may involve all levels of motor control hierarchy, i.e., the primary, secondary and association motor cortices. However, how the various levels of motor control centers interact with each other during voluntary muscle fatigue remains unclear.
Traditional fatigue-related fMRI studies employ univariate statistical methods to identify and characterize functionally segregated or specialized brain regions associated with muscle fatigue. This mapping approach usually addresses issues such as what part of brain is active (compared to a baseline condition) during fatigue. A follow up analysis often examines the magnitude of the brain activation in a set of brain regions revealed in the activation study. Parameters such as the intensity of the BOLD fMRI signals (Benwell et al., 2007) and the size of the activation (number of activated pixels (Liu et al., 2002) or number of activated voxels (Benwell et al., 2005) ) of regions of interests are usually assessed to investigate fatigue or time effect on brain activation. Information such as interregional relationship cannot be obtained from such analysis. Thus, in order to reveal the dynamics of brain network, a statistics approach in the context of network is more appropriate.
Functional connectivity (FC) analysis, a method to measure the magnitude of functional coupling between brain regions, has recently gained many interests in human brain mapping studies (Baudrexel et al., 2011; Liu et al., 2008; Mayer et al., 2011; Werner et al., 2011) . Although almost any measures of brain activity can be used to study FC (Rykhlevskaia et al., 2008) , fMRI data are better suited for FC analysis because they provide both high spatial and reasonable temporal resolution, especially for submaximal-intensity muscle fatigue tasks that usually last for minutes. A common approach to measure FC of the brain is based on cross-correlation of activation time course of a cortical region with the time course of a reference ROI. This cross-correlation based FC analysis has been successfully applied to studies in reward processing (Camara et al., 2008) , phrase formation (Schafer and Constable, 2009) , and language and sleep (Liu et al., 2008) .
There has been evidence (Peltier et al., 2005) showing diminished FC between interhemispheric M1s during resting state after a submaximal fatiguing motor task. A recent study by our group ) investigated the FC between cortical and muscular signals during muscle fatigue and found a fatigue-related FC reduction between the two signals. No studies, however, has assessed the FC among the cortical motor control regions during muscle fatigue. Given the fact that activities in many cortical fields change significantly with fatigue over time during a fatigue motor task at a submaximal intensity level (Benwell et al., 2007; Liu et al., 2003; van Duinen et al., 2007) , we hypothesized that the FC among the participating brain regions would increase with fatigue to compensate for the loss of force production capability in the muscle by synchronizing activities of the regions so that a stronger descending command is made to increase muscle activation. The aim of this study was to determine the level of FC over time between the contralateral M1 to the fatiguing muscles and other primary, secondary and association motor areas participating in a prolonged submaximal motor task.
Material and Methods

Subjects
Ten healthy, right-handed subjects without any neurological or psychiatric disorders and current medications were recruited in the study (10 male, age =32.8±8.4 years old). The subjects' handiness was determined by the Edinburgh inventory (Oldfield, 1971 ). All subjects gave written consents of participation prior to the experiment. All procedures were approved by the Institutional Review Board at the Cleveland Clinic.
Fatigue motor task
All subjects performed intermittent handgrip contractions at 50% maximal voluntary contraction (MVC) force level using the right hand while their brains were scanned (see Fig.  1 for the task paradigm). Handgrip force was measured using a pressure transducer housed in a hydraulic environment (Liu et al., 2000) . The handgrip MVC force was measured prior to the fMRI session and was used to determine the submaximal force for the fatigue task. Visual cues projecting onto the monitor screen hung above the subject's eyes were used to give subjects visual feedback to perform the force trials. On the screen, the exerted force and target (a horizontal cursor representing 50% MVC force) were displayed to guide the subject for accurate performance. The duration of each contraction was 3.5s followed by a 6.5s inter-trial interval in an alternating ON and OFF fashion. The reason of choosing a target force of 50% MVC with trial duration of 3.5s ON and 6.5s OFF is to fatigue the muscles in a reasonable time frame with adequate time (6.5s) for the BOLD signal to return to the baseline before starting the next force trial. The entire motor fatigue task lasted 20 minutes and each subject completed a total of 120 trials of contractions. The MVC handgrip force was measured again right upon each subject's completion of the task.
Image acquisition
All images were acquired using a 3T Siemens Trio scanner (Siemens, Germany). Subjects were instructed to lie in a supine position and to remain still during the entire scanning session to reduce potential head motion. In addition, foam pads were placed between the head and side frame of the head coil to restraint the head from moving. Functional images were acquired using a T2* weighted gradient-echo, EPI sequence. Each brain volume consisted 30 slices (slice thickness=4mm) with an in-plane resolution of 3.44×3.44mm 2 . Pulse sequence parameters were: repetition time (TR) = 2000ms, echo time (TE) = 30ms, flip angle (FA) =50°. A total of 600 volumes of images were collected during the 20-minute execution of the motor task completed by each subject. T1 weighted images were also acquired after the functional image collection. The parameters for the T1 weighted images were: TR/TE/FOV = 2600ms/3.93ms/256mm, respectively.
Preprocessing of fMRI data
Brainvoyager QX 1.7 (Brain Innovation, http://www.BrainVoyager.com) was used to preprocess and analyze the functional imaging data. Slice time correction was applied first to all subjects' data to correct the time delay of scanning between slices within a TR. Motion correction was then applied and six parameters (three translation parameters in x, y and z directions and three rotation parameters in x, y and z directions) were estimated for every subject. Three subjects data were excluded from the analysis due to excessive head motion (any of the translational parameters >2mm or rotational parameters >2° were considered excessive head motion). Any potential signal drifting was removed by linear trend removal. Low-frequency nonlinear drifts of 3 or fewer cycles (0.0025 Hz) per time course was removed by temporal high-pass filtering.
The anatomical images of each subject were normalized into the Talairach standard space first to enable group comparison. Then functional slice time course (STC) data were registered to the corresponding 3D anatomical volume data in Talairach standard space resulting in functional volume time courses (VTCs).
Motor task mapping
A box car (3.5ON/6.5sOFF) convolved with the canonical haemodynamic response function (HRF) was used as the regressor to detect brain activation during the motor task. Based on the mapping data, participating ROIs in the motor task were identified and FC analysis between a seed/reference ROI and each of other major ROIs showing strong activation was performed (see Fig. 2 ).
FC analysis
The left M1 (Brodmann area 4, BA4) was chosen as the reference region for the FC analysis. Output neurons in the left M1 project to alpha motoneurons in the spinal cord that control muscles of the right extremities. Voxels/ROIs located outside of the left M1 that show highly correlated activity with the left M1 were considered to be part of the motor network and involved in controlling the submaximal handgrip task. Standard BA labeling templates provided in Brainvoyager were used to identify selected ROIs. The PFC used in this analysis consisted of BA 8, 9, 10, 11 and 46.
A reference VTC was extracted by first finding the activation maximum (seed point) in the left M1 and then averaging the voxels' VTCs in the neighboring 2-mm volume (resulting in a total of 64 voxels). Since subjects did not start the motor task at the same volume after the beginning of the scan, the VTC was realigned based on the actual starting volume and the remaining data that trailed after the 550th volume were discarded to make sure every subject had a same number of image volumes. Thus, each subject's functional data consisted of 550 volumes of VTC data. To determine the strength of the FC among the brain regions with prominent activation, we cross-correlated the VTCs of all activated voxels (determined by the mapping analysis) in the regions to the reference (seed) VTC (mean time course from the 2mm sphere around the seed voxel). Five lags (1 lag=2s) were used to capture any time shifted correlation of VTCs relative to the seed region. Note that a forward shift of 1 lag is equivalent to a backward shift of 4 lags (1 cycle=5 lags in the motor task). Temporal lags were used to relax the definition of correlation so correlation coefficients of those voxels strongly functionally correlated to the left M1 but have similar time courses to time-shifted VTC of the left M1 (as if these regions are lagging behind) can be correctly computed. Up to 5 lags (10s) was allowed to avoid any confounds considering our task having a cycle of 10s. Fig. 2 illustrates how the FC analysis was performed.
To learn the effect of muscle fatigue on FC, the VTC FC of the first 50 volume data (the first 100s during which subjects experienced minimal fatigue) and the VTC FC of the last 50 volume data (the last 100s, during which subject experienced significant fatigue; see Fig. 3 for illustration) were analyzed for selected ROIs. Once the cross-correlation analysis was completed, a histogram analysis was performed to visualize the distribution of the correlation coefficients. Subsequently both standard analysis of variance (ANOVA) and quantile regression analysis were performed to compare the magnitude of the FC between the minimal and sever fatigue conditions for the ROIs.
Quantile regression is a novel statistic tool for analyzing relationship between certain quantile of a response variable and predictor variable. The classic ordinary least squares regression analysis is to obtain a summary of the relationship between a response variable Y and a set of covariates X. It only captures how the mean value of Y changes with X. However, often times, a single mean curve is not informative. Conditional quantile functions can provide a more complete picture of relationship between the response variable and different quantiles of the predictors. Quantile regression (Koenker, 2005 ) extends the regression model to conditional quantiles of the response variable, such as the median (50 th quantile) or the 90 th quantile in the response variable distribution. The application of quantile regression to heterogeneous data was proved by our group to be particularly useful where the tails and the central location of the conditional distributions vary differently with the covariates. Especially among all the voxels in a given brain region, we were more interested in the voxels that show more significant vs. those with less significant correlation (Wang et al., 2012) . This approach is useful for data having non-standard distribution shapes. Least square method frequently used in traditional regression analysis estimates the mean of the response variable. However, in quantile regression, median or other quantiles of the population are estimated.
Results
MVC force
Immediately after the fatigue task (50% MVC), the handgrip MVC force decreased significantly (31.9±15.5%, mean±SD, P< 0.01) from the initial MVC force measured prior to the fatigue task. The decrease in the MVC force indicated presence of significant muscle fatigue. 5 shows FC maps (averaged across all subjects) during the minimal (upper row) and significant (lower row) fatigue stages overlaid onto the 3D template brain (provided in MRIcroGL available for download on http://www.cabiatl.com/mricrogl/). Correlation coefficients were color-coded on the maps. The result suggests that a similar functional network was active during both minimal and significant fatigue stages.
Functional connectivity map
Histogram analysis
To quantitatively evaluate the effect of fatigue on FC, we examined the distribution of the correlation coefficient of each ROI pooled for all subjects in both the minimal and significant fatigue stages. We plotted one modified histogram, in which voxels having correlation less than 0.001 were excluded in the plots to better visualize the distribution of the stronger correlated voxels (see Fig. 6 for illustration of how this was done), for each ROI and overlaid the histogram for the minimal fatigue stage on top of the significant stage (Fig.  7) .
Histogram analysis results showed a consistent 'shift' to higher correlation for all the ROIs in the significant fatigue stage. More voxels appeared on far right (higher r values) of the histograms for significant (last 100s) than minimal (first 100s) fatigue stages. This observation was especially evident for the prefrontal cortex. This indicated an increased FC in the significant fatigue stage because signals of a larger number of voxels were more closely coupled with the seed region (most active voxels in the left M1).
ANOVA and quantile regression analysis
Both standard ANOVA and quantile regression analysis were performed to evaluate the magnitude of the FC during performance of the fatigue task. We modeled conditional quantiles (regression using different quantiles of the data instead of mean) of the magnitude of FC with the categorical variable as an indicator for severity of fatigue. Fig. 8 shows the ANOVA and quantile analysis results from comparison of FC of the minimal (first 100s) to that of significant fatigue (last 100s) stages. In each plot, the red solid line denotes the estimated mean difference of the magnitude of FC between the two stages and red dotted lines indicate the 95% confidence interval based on standard ANOVA analysis. The dark dot-dashed line in each plot denotes a sequence of coefficient estimates for quantile regressions with quantiles ranging from 0.05 to 0.95. The gray filled area surrounding the dot-dashed line indicates the 95% confident interval.
The ANOVA results showed that the magnitude of FC did increase in the significant fatigue stage for all the six ROIs. All the tests using the standard ANOVA model were significant (P<0.05). The quantile regression analysis revealed a great deal of detail regarding how the FC changed in the individual quantiles (voxels showing given ranges of correlation under minimal and severe fatigue conditions) and suggested heteroscedastic nature of the FC alterations associated with muscle fatigue. Fatigue has a more significant impact on upper quantiles of the magnitude of FC than the lower quantiles for areas of the right M1, PM&SMA, right S1 and PFC. The results illustrated that the higher magnitude of FC in these areas were more synchronized with the seed area under sever fatigue conditions. It is interesting to see that the PFC is the area endured the largest increases in FC on upper quantiles. This suggests that the PFC might be the most sensitive area with muscle fatigue. It is reasonable to predict that the PFC may play an important role in modulating muscle fatigue. The quantile processes for areas of the left PM&SMA and right S1 were close. These areas had more significant FC enhancement on the middle quantiles rather than lower or upper quantiles. These effects would be hidden if only the standard ANOVA analysis was performed.
We also performed analysis using a polynomial regression model on the FC coefficient data of minimal and significant fatigue stages (Wang et al., 2009 ). This analysis provided us a comprehensive view of how FC changed during the entire fatiguing motor tasks. Third order polynomial regression model was tested for all six ROIs. The result confirmed with the quantile regression model showing that (i) FC was stronger during minimal than significant fatigue stages and (ii) the FC level varied with time (Fig. 9) .
Discussion
FC during fatiguing motor task
This study applied functional connectivity (FC) analysis to fMRI-measured brain signal time course data during a muscle fatigue task and found that the FC between the contralateral (left) M1 and a number of cortical regions in the motor control network increased significantly with muscle fatigue. Statistical quantile analysis was further employed to determine specific locations (quantiles) in the ROI that show high FC with seed region (left M1). Results from the quantile analysis indicate that voxels with high correlation (quantiles) with the seed ROI are mostly located in the PFC and right S1.
FC in this study is a measure of how activities of various cortical areas interact functionally with each other and it is not determined solely from the underlying structural connections. It has been shown that FC can change even from wakefulness to sleep (Massimini et al., 2005) . Our study was the first to assess FC adaptations among cortical motor control centers during voluntary muscle fatigue. Although resting-state fMRI data is often used for FC analysis (Li et al., 2009 ), resting-state data is not suited for examining dynamic interaction of multiple brain regions during a progressive fatigue motor task. Resting-state is sometimes referred to as 'default' mode (Raichle et al., 2001) , in which the slow oscillations of the fMRI signal reflect the underlying neural event. Peltier et al. (2005) assessed interhemispheric resting-state FC of the motor cortices before and after a sustained submaximal fatigue motor task; they reported a decrease in FC between the bilateral primary motor cortices. This seems to be contradictory to results of this study. However, because FC in Peltier et al. (2005) was measured in resting state and that of ours in a dynamic fatiguing process, the two studies are difficult to compare. Other studies have also reported outcome measure differences between conditions during motor fatigue and resting state (before and after motor fatigue). For example, transcranial magnetic stimulation (TMS) of the motor cortex during voluntary muscle fatigue indicated facilitation in corticospinal excitability under muscle fatigue condition (Taylor et al., 1996) but similar TMS applied during resting state suggested an inhibition in cortiospinal excitability after a motor fatigue task (Pitcher and Miles, 2002) . This discrepancy could probably be due to lack of excitatory input from higher-order cortical regions to the primary motor cortex projecting directly to the working muscle after fatigue exercise. Recent preliminary data have shown enhanced such input with fatigue during a prolonged motor task (Jiang et al., 2008) , which may improve corticospinal excitability. However, once this input is removed after cessation of the muscle performance, the fatigued corticospinal system may likely experience reduced excitability, such as the data shown by Peltier et al. (2005) , which may be explained by increased variance in BOLD signal after fatiguing exercise (Benwell et al., 2005) .
The observed increase of the FC with muscle fatigue is in accordance with our previous study (Liu et al., 2003) , in which synchronized increases in activation (measured by fMRI) in similar cortical regions were observed. Although FC was not analyzed in that study, activation changing patterns of the cortical fields during the time course of the fatigue task were very similar, indicating a synchronized or correlated activation changes among the involved brain regions (Liu et al., 2003) . Other fatigue-related brain function studies (Post et al., 2009; van Duinen et al., 2007 ) also reported similar increased brain activation among different cortical motor areas during voluntary muscle fatigue. However, none of these studies adopted the framework of FC to analyze fatigue-related brain activation adaptations. Co-activations of various brain regions, as observed in these studies, are assumed, theoretically, to be random and distributed independent events with no underlying network required. The FC analysis in this study considered the brain as a systematic large-scale network with functional interconnections linking spatially distributed brain regions. This analysis provided us deeper insights into how different brain regions of the underlying motor network interplay with each other in increasingly demanding muscle exertions.
Regions functionally connected to left M1
Our FC data revealed strengthened functional coupling within the cortical motor network. This finding not only confirmed observations of increasing activity of the bilateral M1, S1, PM&SMA, and PFC during submaximal fatigue muscle contractions, but also indicated that activities of these cortical fields became more temporally correlated to the left M1, the primary neural output center of the brain to the working muscles. Increased FC from the right M1 to left M1 could be explained that primary motor areas of the two hemispheres increasingly worked together to strengthen their output to prolong the muscle performance.
Under the minimal fatigue condition, little signal is needed from the ipsilateral (right in this study) M1 for the motor task; when fatigue occurs, however, activities of the contralateral (left) M1 may not be adequate to drive the fatiguing muscles and additional, synchronized activities from the ipsilateral M1 through the ipsilateral projection (to the motoneuron pool) might be needed. Brain mapping studies have reported increased activation in the ipsilateral M1 with muscle fatigue (Liu et al. 2003; Post et al. 2009 ). This increasing activity in the isplilateral M1 was also confirmed in a readiness potential study (Schillings et al., 2006) . Strengthened coupling between the S1 with the left M1 may indicate augmented communication between the sensory and motor regions, especially from sensory to motor as a result of increasing sensory feedback from the muscle to central sensory system. This enhanced FC between the sensory and motor areas may contribute to the increase in 'sense of effort' reported by Jones and Hunter (1983) .
Our data showed that FC between the left M1 and bilateral PM&SMA increased as well. PM&SMA (BA 6) lies rostrally to the M1 and is believed to be associated, in general with motor planning and preparation (Frackowiak, 2004) . Evidence of direct anatomical projection from PM&SMA to M1 has previously been shown (Dum and Strick, 1991) and functional neural imaging studies have demonstrated similar patterns of activation alterations between PM&SMA and M1 during fatigue muscle contraction at submaximal intensities (Post et al., 2009) . A study (Vulliemoz et al., 2011 ) based on diffusion tensor imaging (DTI) showed evidence of the M1-SMA structural connectivity. A recent case report (Kovac et al., 2010) demonstrated that stimulating M1 can result in complex hand movements which can only be observed on stimulating the SMA. This implied a pathwaybased connectivity between the M1 and SMA. These anatomical and functional connectivity data support the fMRI signal-based FC between the two areas. Table 1 ) showed the highly significant fatigue-related FC changes with the M1. This finding agrees with previous observation of strongest fMRI signal increases in the PFC during an intermittent handgrip fatigue task at 30% maximal level (Liu et al., 2003) . The PFC has widely been viewed as one of brain areas at the highest level of motor hierarchy (Rushworth, 2000) and is thought to be involved in the selection of action (Frackowiak, 2004) . Strength of input from the PFC to lower levels of motor areas such as PM&SMA and M1 may increase to reinforce the descending command under fatigue condition, which might enhance FC among the regions. Functional MRI-based effective connectivity data have shown increased signal flow from the PFC to M1 with augmentation of descending command (Jiang and Yue, 2010 ). An animal study (Luppino et al., 1993) revealed that there are fiber projections from the PFC to PM&SMA, and the PM&SMA to M1.
FC results from analysis of sub-regions in PFC are presented in Table 1 . The FC in all PFC sub-regions (bilateral VLPFC, DLPFC, mPFC, and omPFC) increased significantly in the severe than minimal fatigue stages. A recent study using near-infrared spectroscopy (NIRS) (Suda et al., 2009) reported that the VLPFC is related to subjective feeling of fatigue, suggesting that VLPFC is involved in monitoring state of mind in a voluntary fatigue process. Decreased activation in DLPFC has been found in patients with chronic fatigue syndrome during an imagined fatiguing task (Caseras et al., 2008) . This might help explain the increased FC in DLPFC as a possible top-down regulation process to compensate for the diminishing force production capability as subjects needed to recruit a greater amount of the muscle to maintain the same force. The omPFC is believed to be associated with cognitive and behavioral deficits in patients with motor neuron diseases (Meier et al., 2010) , which implicates a possible involvement of decision-making and reward process during fatiguing muscle contractions. The mPFC has been shown to be involved in turning stimulus into motor responses during simple choice task (Hare et al., 2011) and seems to be related to decision-making of whether or not to move.
In summary, our study is the first to show strengthened coupling between individual regions in the PFC and the contralateral M1. At both global and regional levels in the PFC, our data and those reported in the literature suggest that the PFC plays an important role in regulating voluntary muscle fatigue, perhaps by integrating sensory feedback with reinforcement of input signal to the primary motor area to increase the descending command. Another promising explanation of the increase in FC between the PFC and M1 could be involvement of dynamic higher-order function such as decision-making or motivation related to continuation of the motor task with increasing tiredness and discomfort as a result of fatigue.
FC and central efficiency
Increased motor commands are needed to sustain submaximal force output by recruiting additional motor units and increasing activation level of the active motor units to compensate for fatigue-related force loss. This indicates a decline in central efficiency. Increasing FC from the sensorimotor regions with the left M1, as observed in this study, provides evidence of diminished central efficiency during motor fatigue (greater FC supporting same level of force with fatigue). Although the force level did not change significantly during the entire task, the FC of aforementioned areas with the left M1 increased significantly. Schillings et al. (2006) also reported reduction of central efficiency by analyzing readiness potential during a fatigue task involving repetitive muscle contractions at submaximal intensity. An increase in FC or decline in central efficiency may act as a central parameter of muscle fatigue. A recent study ) reported weakened corticomuscular FC (based on EEG-EMG coherence analysis) during muscle fatigue, perhaps providing an potential explanation of why central efficiency is reduced under muscle fatigue condition. If cortical control signal cannot effectively be transmitted to muscle, a greater such signal is needed for a given work done by the muscle.
New information unveiled by quantile analysis
Quantile regression extends the regression model to conditional quantiles of the response variable. It is particularly useful with heterogeneous data where the tails and the central location of the conditional distributions vary differently with the covariates. Quantile processes of correlation for different ROIs in this study varied significantly, as shown in Fig.  8 . All quantile estimates of FC under fatigue condition were above zero except the upper quantiles in the left PM&SMA. These results confirmed the analysis of polynomial regression, which the average correlation (FC) for the significant fatigue condition was greater than that for the minimal fatigue condition. Quantile analysis unveiled additional information that cannot be observed by a standard ANOVA model. For example, the quantile processes in right M1, right S1, and bilateral PFC showed obvious increasing FC values on upper quantiles with muscle fatigue. For the left PM&SMA and S1, FC increased more on middle than lower or upper quantiles. These data suggest that the fatigue effect on the FC was its distribution quantile-and cortical region-dependent. The largest change in FC occurred on highest quantiles in the PFC but that arose on the middle quantiles in the left PM&SMA, indicating that the most significant fatigue-related FC enhancement took place in voxels (sub-locations) exhibiting highest cross-correlation (with left M1) in the PFC. In the left PM&SMA, however, the greatest strengthening in FC was in voxels showing moderate levels of cross-correlation (Fig. 8) .
Study limitations
The FC analysis employed in this study does not necessarily imply any causal relationship (Rykhlevskaia et al., 2008) among the analyzed ROIs. To infer any causal relationship based on similar neuroimaging data, a more informative tool called effective connectivity (EC) analysis could be used. Outcome of the EC analysis would provide information of direction of interaction between brain regions. A study analyzing EC within the motor network is under way by the author group. Blood-oxygen-level-dependent (BOLD) signal in fMRI does not directly reflect underlying neuronal activities (Logothetis, 2008) . Since any measures of brain activation can be used for FC analysis (Rykhlevskaia et al., 2008) , other signals (such as electrophysiological signals) paired with fMRI data may be analyzed to better understand dynamic adaptations in the motor control network during progressive muscle fatigue.
Another limitation is that we do not have enough information to show where exactly in the brain the voxels with altered FC were localized because we adopted ROI-based quantile regression. This approach could only identify regional adaptations in FC rather than at individual voxel levels. Voxel-based whole brain FC analysis can better reveal more details in spatial properties of the FC changes during fatigue.
Conclusions
This study applied functional connectivity (FC) analysis to fMRI brain signal time course data during a muscle fatigue task and found that the FC between the contralateral primary motor cortex and a number of other cortical regions in the motor control network increased significantly with muscle fatigue. Statistical quantile analysis compared the FC between the two fatigue conditions and the results revealed differential modulation effects of fatigue on FC among different brain areas with the motor cortex. Overall, the results suggest more synchronized effort across cortical fields in the motor control network to strengthen the central drive to the motoneuron pool to prolong the muscle contraction. The finding is consistent with previous observation of similar patterns of activation increases in many sensorimotor areas. However, our finding is the first to demonstrate strengthened functional coupling (based on statistical analysis) among motor control centers in the brain during muscle fatigue. A substantial increase in FC in the PFC suggests this association cortex may play a crucial role in monitoring voluntary muscle fatigue during long-lasting submaximal motor actions.
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We examined effects of muscle fatigue on strength of brain functional connectivity < Brain functional connectivity increases significantly with muscle fatigue < Brain functional connectivity increases with fatigue among many cortical regions < Prefrontal and motor cortices show strongest functional connectivity with fatigue < Strengthened functional connectivity during fatigue may fortify descending command Schematic illustration of the fatigue motor task paradigm. Maximal voluntary contraction (MVC) force was determined before the MRI scan session. After resting for 2 minutes, subjects performed intermittent handgrip contractions at 50% MVC level during which the fMRI data were collected. Duration of each contraction was 3.5 s followed by a 6.5 s rest. Subjects performed another MVC immediately after the last (120 th ) contraction to determine the level of muscle fatigue. A sample time course of the seed area in the left M1 used for the FC analysis. The X axis shows fMRI scan numbers. The Y axis shows intensity of fMRI BOLD signal. A 3 dimensional (3D) illustration of functional connectivity. Upper row: averaged functional connectivity (FC) map of all subjects in minimal fatigue stage; lower row: averaged FC map of all subjects in the significant fatigue stage. Coefficients of cross-correlation were color coded as shown by the color bar. Histogram of coefficients of cross-correlation after removing voxels with very low coefficients (r<0.001). Original histogram data are scaled down heavily because of the huge population of low correlation voxels (left blue bar in the outer box). After zooming in (from the shaded box at bottom to the inner box at middle), distribution of the coefficients can better be visualized. Comparisons of histogram plots of correlation coefficients over all subjects in the analyzed ROIs. Blue bins = data for minimal fatigue stage, red bins = data for significant fatigue stage. Voxels with very-low correlation (r<0.001) were excluded for better visualization of coefficient distribution of the voxels in each ROI. In the significant fatigue stage, a larger number of voxels (red bins) can be seen with higher correlation (FC with seed area) values especially in the PFC. Results of quantile analysis from comparisons of coefficients of cross-correlation (FC) between minimal (first 100s) and significant (last 100s) fatigue stages. Comparisons were made at each quantile of the distribution curve between minimal and significant fatigue conditions in each ROI. Because more voxels exhibited very high FC under significant fatigue condition (such as PFC in Fig. 7 ) or voxels with moderate FC under minimal fatigue increased FC level with significant fatigue (such as left PM&SMA), the pattern of FC changes differed from one ROI to another. The quantile analysis adds new information to the ANOVA results indicated by the solid red line (mean FC difference) in each plot. Estimated differences of coefficients of cross-correlation between significant and minimal fatigue stages (i.e. significant-minimal) and their standard errors based on linear regression models. The statistical tests were performed to evaluate whether FC is greater in significant than minimal fatigue stages for sub-region ROIs in the PM/SMA and PFC not shown in Fig. 7 , 8 and 9. All tests exhibited significant differences in FC between the two fatigue stages (P<0.001 for all ROIs). PMd=dorsal premotor, PMv=ventral premotor, preSMA=rostral SMA, SMA proper=caudal SMA, mPFC= medial PFC, DLPFC=dorsolateral PFC, VLPFC=vetrolateral PFC, and omPFC=orbito-medial PFC.
